I. Introduction
OTIVATION for the better understanding of the combustion characteristics of ethylene, C 2 H 4 , at real fuel-air conditions has become increasingly important with advancements in hypersonic flight [1] , [2] and because of the key role that ethylene plays in the oxidation of larger hydrocarbons [3] , [4] . Although ethylene has been the subject of many studies performed over the years [3] - [30] , there are limited ignition delay time data available in the published literature for ethylene at real fuel-air conditions, [30] , [31] and only one study at high pressures exists [32] . Even in the available literature, there is a discrepancy between data and current chemistry mechanisms, which often show faster ignition times compared to experimental data and do not always capture the pressure and equivalence ratio dependence of ignition delay times. Such uncertainty in conjunction with the increased awareness of the importance of C 2 H 4 in the chemistry of heavy hydrocarbons has produced the need to perform further ethylene ignition delay time experiments at practical engine conditions.
There have been several studies that have focused on highly dilute ethylene-argon mixtures in shock tubes. The experiments by Brown and Thomas [30] investigated schlieren images and the influence of argon versus nitrogen as diluents. This work, written in 1999, studied shock-induced ignition in ethylene mixtures by monitoring CH* emission. Experiments were performed at stoichiometric conditions covering a temperature range of 1073 to 2211 K and a pressure range of 1.3 to 5 atm. Varatharajan and Williams [22] , [23] published an extensive literature study on ethylene ignition and detonation chemistry, covering equivalence ratio () conditions of 0.5 ≤ ≤ 2.0 and temperature conditions of 1000 ≤ T (K) ≤ 2500. They also presented a more extensive summary of ethylene studies dating back to 1965, so these references should be consulted for a more thorough review than what is provided herein. Publications of particular interest to the present study are mentioned below. [28] performed experiments of ethylene/oxygen mixtures diluted with argon at stoichiometric conditions, over a temperature range of 1253 to 1572 K, and a pressure range of 1 to 4 atm. A portion of these experiments has been utilized in Part 2 of the present paper [33] .
Davidson and Hanson
The recent work by Kalitan et al. [4] , also referenced in more detail in Part 2 [33] , studied ignition and oxidation of C 2 H 4 /O 2 /Ar mixtures over varying concentrations, at equivalence ratios in the range 0.5 < < 1.0, over the temperature range 1115 < T (K) < 1900, and at pressures in the range 0.9 < P (atm) < 3.3, all highly diluted in argon. Experimental OH* profiles were compared to various chemical kinetics mechanisms available at that time. Only one study exists at higher pressure and real fuel-air conditions that is comparable to the experiments performed in this paper. In the work by Penyazkov et al.
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Deleted: A portion of these experiments has been utilized later in the present paper. In 1974, Hidaka et al. [11] investigated shock-tube ignition in ethylene/oxygen mixtures diluted in argon at a range of equivalence ratios (0.33 ≤  ≤ 1.0), at temperatures in the range 1400 ≤ T(K) ≤ 2100, and at pressures in the range 1.8 ≤ p (atm) ≤ 5. An experimental correlation was made, and a chemistry mechanism was discussed. In 1972, Baker and Skinner [8] performed experiments studying the ignition of ethylene-oxygen-argon mixtures at equivalence ratios of 0.125 to 2.0 and pressures of 3 and 12 atm. Argon dilution levels ranged from 93 to 99%, and temperatures ranged from 1058 to 1876 K. ¶ Colket and Spadaccini [12] studied dilute ethylene mixtures behind reflected shock waves over a range of conditions including equivalence ratios from 0.5 to 1.0, at pressures from 5 to 8 atm, and temperatures from 1125 to 1410 K. In their work, experimental data were compared to previously published results, to correlating expressions found in the literature, and to detailed kinetics models. ¶
The work of Dagaut et al. [13] presented an updated kinetic reaction mechanism with verification using experimental data from Baker and Skinner [8] in the form of ignition delay times from a shock-tube facility. From their mechanism and the experimental data, they found that as temperature and equivalence ratio decreased, the activation energy increased. Another work by Hidaka et al. [9] 
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In 1977, Jachimowski [3] studied ethylene oxidation behind incident shock waves. Using their experimental data, which covered temperatures in the range 1815 -2365 K, at pressures of 1.1 -1.7 atm, and at equivalence ratios of 0.5 -1.5, and other experimental data from the literature, they developed a kinetic model for the Deleted: later in this paper Deleted: ¶ ... [2] ... [1] [32], the oxidation of ethylene/air mixtures behind reflected shock waves was studied. Covering a wide range of temperatures (1060 ≤ T (K) ≤ 1520), pressures (5.9 ≤ p (atm) ≤ 16.5), and equivalence ratios (0.5 ≤  ≤ 2.0), empirical correlations based on the experimental data showed an increase in activation energy with decreasing temperature and equivalence ratio, which agrees with the results of Dagaut et al. [13] , [14] .
From the results of the literature review, described briefly above, there are few data for ethylene ignition and oxidation at elevated pressures and at real fuel-air conditions. In light of the lack of data for adequate model validation, coupled with the fact that a modern chemical kinetics mechanism built on high-pressure C 1 -C 4 ignition data can perform poorly for ethylene ignition at such conditions (to be elaborated upon below), a study was performed by the authors to provide the much-needed improvement in ethylene oxidation kinetics at elevated pressures. Provided in this paper is an overview of the shock-tube experiments and procedure, followed by a brief description of the chemical kinetics model utilized herein. Experimental ignition delay time data are presented and compared with both the model and with the other high-pressure data available in the literature. Extensive details on the kinetics model, improvements to it, and sensitivity analyses are provided in the second part of the present paper [33] .
II. Apparatus and Procedure
Experiments were performed using two shock-tube facilities capable of achieving the high pressures and temperatures necessary for this work. One shock tube has a driven section length of 10.7 m with an internal diameter of 16.2 cm. The driver section is 3.5 m in length and has a smaller internal diameter of 7.62 cm which is then expanded through a nozzle cone to the driven diameter directly after the diaphragm location. The second shock-tube facility contains a 4.72-m driven section with a 15.24-cm internal diameter and a 4.92-m driver section with a 7.62-cm inner diameter. The inner diameter of the driver section is then expanded through a nozzle cone to the driven diameter directly after the diaphragm location. Both shock tubes are made of stainless steel 304 and are described in greater detail by Petersen et al. [34] and Aul [10] . Since the shock tubes have nearly identical internal diameters (15.24 versus 16.2 cm), their behaviors in terms of performance and pressure-time histories are similar.
In both shock tubes, helium was used as the driver gas, which was separated from the driven section by either an aluminum or polycarbonate diaphragm, depending on the desired test pressure. The ethylene/air blends, made of ultra high-purity gases, were mixed using partial pressures in a separate mixing tank. The air was a mixture of Deleted: as well as lowpressure, dilute data Deleted: Further 99.9995% purity N 2 and O 2 at a molar ratio of 3.76:1. Table 1 provides a list of the mixtures examined in this work.
At least two mixtures of each one defined in Table 1 was prepared, and in some cases several mixtures were made with one or more at both shock-tube facilities. The level of uncertainty on the components of each mixture was better than 0.2% of each mole fraction. This uncertainty in the test mixtures is based on the precision of the calibrated pressure transducers used to measure the pressure of each constituent. A Baratron gauge with 4-digit precision was used on both facilities for the minor components (i.e., the C 2 H 4 and O 2 ), and a Setra transducer with 0.1% accuracy was used on both facilities for the major component.
The incident-shock velocity at the test region in each shock tube was found using five pressure transducers (PCB 113) set in series along the side of the shock tube which send signals to four Fluke PM 6666 timer counter boxes. A linear curve fit to these four velocities was used to extrapolate the conditions to the endwall to obtain the shock speed immediately prior to reflection. This incident-shock velocity is used with one-dimensional shock relations to determine the overall conditions behind the reflected shock. Using this procedure, the test temperature behind the reflected shock wave is known within at least 10 K [34] . Light emission from chemiluminescence was collected through two CaF 2 windows, one located at the endwall and the other located 1.6 cm from the endwall. Two Hamamatsu 1P21 photomultiplier tubes (PMT) in custom-made enclosures were used to measure the OH* emission through a 10-nm wide narrowband filter centered at 310 nm.
In the case of these real fuel-air mixtures (where in the present paper, the term "real fuel-air" refers to undiluted mixtures with a N 2 :O 2 ratio of 3.76:1), the ignition delay time was measured from the endwall as the sharp pressure rise behind the reflected shock wave. The onset of OH* emission in general was coincident with the sharp rise in pressure. Due to the exothermic nature of this work and the inherently large pressure rise, OH* emission as well as sidewall pressure measurements were primarily used to verify ignition, as seen in Fig. 1 , since the ignition event appeared coincident from either the endwall or sidewall locations. As discussed in Petersen [35] , such highly exothermic mixtures leading to large pressure changes at the time of ignition tend to show an ignition event that encompasses the entire endwall region quite uniformly. Such an event shows up at the same laboratory time from both endwall and sidewall pressures measurements when the sidewall port is within a few cm or so of the endwall.
In such cases, as in the present study, time zero for the experiment is defined as the time of shock arrival at the endwall. Further details on the relative importance of sidewall and endwall shock-tube measurements can be found in Petersen [35] .
Formatted: Subscript
For most experiments, the overall uncertainly in the ignition delay times herein was about ±15%. This error was estimated from the temperature uncertainty and the uncertainty in evaluating the ignition event from the pressure traces. Note that the variation of the typical ignition delay time data shown later in the paper reflect this stated uncertainty. It was noticed that the uncertainty for the  = 0.5 mixtures, particularly at 1 and 10 atm, tended to be higher than typically seen in ignition delay time experiments in the authors' laboratories, or about ±30%. The reason for the higher scatter is unknown at this time; note that this level of repeatability was over several repeat mixtures and was outside of the stated uncertainty in the test temperature. Approximately half of the = 0.3 and 0.5 mixtures were tested in the 15.2-cm shock tube, and the other half were tested in the 16.2-cm shock tube. No discernible differences in the magnitudes or degree of scatter were observed amongst the data between both facilities, so no distinction is made herein to differentiate between the results from either shock tube. All of the stoichiometric and fuel-rich mixtures were studied in the 15.2-cm-diameter facility.
Since both shock tubes utilized in the present study have relatively large inner diameters (at least 15 cm), nonideal fluid mechanic effects due to boundary layer build up behind the incident shock wave are minimal. The typical dp/dt in the test region behind the reflected shock wave was 1%/ms and no more than 2%/ms for the worst case. Since the test gas contained largely diatomic molecules (N 2 and O 2 ), bifurcation of the reflected shock wave in the boundary layer region occurred, as is expected in such shock-tube mixtures. This feature resulted in the two-step feature and slight overpressure seen in the data trace in Fig. 1 just after time zero.
For all experiments, care was taken to watch for evidence of early ignition due to potentially non-homogeneous conditions behind the reflected shock wave. Such events are more likely to happen at higher pressures and lower temperatures. Light emission and pressure were recorded at both the endwall and sidewall locations, and no evidence of early or otherwise accelerated ignition was observed for the data presented herein. If such events were to have occurred, they typically would show up in the endwall emission data since the optics "see" down the length of the driven tube, and dramatic events causing large, early pressure increases would show up in the sidewall and endwall pressure traces. Note also that the conditions in Fig. 1 (1131 K, 10.7 atm,  = 0.5) are among the lowesttemperature, highest-pressure data taken, and the pressure trace therein is representative of such conditions for both shock-tube facilities utilized for this study. 
III. Kinetics Models
A chemical kinetic mechanism was developed, and simulations were performed using the aurora (assuming constant internal energy and constant volume) module in the CHEMKIN-PRO package [36] . The detailed chemical kinetics mechanism is based on the hierarchical nature of hydrocarbon combustion mechanisms containing the H 2 /O 2 sub-mechanism [37] , together with the CO/CH 4 and the C 2 and C 3 sub-mechanisms that have already been published [38] - [40] . The C 4 sub-mechanism has been fully detailed in three recent papers on the butane isomers [41] - [43] and methane-based blends [44] , [45] . The initial version of the model used in the current work was C4_49, which is available online together with associated thermochemical parameters at http://c3.nuigalway.ie/mechanisms.html. Note that in the first section below, comparisons are made between the original C4_49 model and the new data taken in the present study. These comparisons are for the sake of clarity when discussing the model and the reasons for the required improvements. The entire set of data are formerly presented and elaborated upon in the Results and Discussion section, where comparisons are made with the updated mechanism described in Kopp et al. [33] and with available data at overlapping conditions.
A. Initial Mechanism Predictions
Figures 2a and 3a show two cases in which the original C4_49 chemical kinetics mechanism fails to predict the behavior observed in the experimental data. In Fig. 2a , which compares three different pressures for  = 0.5, the mechanism predicts a slightly different activation energy and a greater pressure dependence than the data suggest. In Fig. 3a , which shows the equivalence ratio dependence for a pressure near one atmosphere, the absolute level of  ign is over-predicted by a factor of 2 to 3, and the order in which the equivalence ratio varies is completely reversed for the mechanism when compared with the data. In contrast, Figs. 2b and 3b show the same experimental data but with the San Diego mechanism, which is available online at http://maeweb.ucsd.edu/~combustion/cermech/index.html.
This second mechanism appears to better predict the behavior of the experimental data. As seen in Fig. 2b , the mechanism predicts only slight pressure dependence, as do the data. In Fig. 3b , even though the San Diego mechanism still varies slightly from the data, it predicts the same order of equivalence ratio dependence as the experimental data. Figures 2 and 3 are shown here to illustrate the discrepancy between two commonly used mechanisms at the time the experiments were being performed. The San Diego mechanism in particular was chosen to compare with the new data in Figs. 2 and 3 because it was an example of a model that seemed to better capture the pressure and equivalence ratio dependence observed in the data than the authors' original mechanism. Additional mechanisms are compared with the data in part 2 of this paper [33] .
B. Improved Mechanism
Several modifications to the mechanism were made after the initial comparisons with the data showed deficiencies (see Figs. 2 and 3) . The figures in the present paper show the predictions of the updated mechanism, which is based on the C4_49 version. However, it should be noted that details on the changes and updates to the mechanism can be found in Kopp et al. [33] , along with a comprehensive description of the chemical kinetics and additional insight on the comparison with the data. Table 2 shows a summary of experiments that were performed in the present study. 
IV. Results and Discussion
A. Equivalence Ratio Dependence
The effect of equivalence ratio is depicted in Figs. 4-6 for the experimental data and simulations using the chemical kinetic model. Figure 4 shows the experimental data and simulations at low pressure (near 1 atm) as a function of equivalence ratio. Under fuel-lean conditions, the data at  = 0.5 for the C 2 H 4 at 1.1 atm show more scatter than what was typically observed for the other equivalence ratios. Also, there is only a slight difference between  = 0.3 and 0.5, with the leaner mixtures producing slightly smaller ignition delay times. This general trend continues with the  = 1 and 2 mixtures, where the leaner mixture ( = 1.0) has shorter ignition delay times than the richer one ( = 2.0). Although the general activation energy trend of the data (i.e., the slope of the data on the Arrhenius plot in Fig. 4) is captured by the model, the effect of equivalence ratios is still slightly under-predicted.
The data show a noticeable increase in reactivity as equivalence ratio decreases; however the mechanism shows only a slight dependence on equivalence ratio and under-predicts reactivity as the equivalence ratio decreases. Comparing
Deleted: s this behavior with the earlier version of the mechanism in Fig. 3a , the improved mechanism better captures the activation energy suggested by the data, but still over-predicts ignition delay time at leaner conditions.
The equivalence ratio dependence at higher pressures is shown in Figs. 5 and 6, where there is more dependence at lower temperatures than at higher temperatures. Also, there is an increase in equivalence ratio dependence as the pressure increases. At 10.3 atm in Fig. 5 , the effect of equivalence ratio is more pronounced than seen in Fig. 4 at 1.1 atm, particularly at temperatures less than about 1100 K. However, the trend is completely the opposite at 10.3
atm (compared to 1.1 atm) in that the leaner equivalence ratios have longer ignition delay times (i.e., lower reactivity) than the richer mixtures. At 22.8 atm, the effect of equivalence ratio on ignition delay time is even more pronounced, again with the reactivity increasing with equivalence ratio. The model does a better job at predicting the trends at these higher pressures compared to atmospheric pressures. Details on the kinetics modeling and the implications on the chemistry are provided in Kopp et al. [33] . Similarly, Fig. 8 for  = 0.5 shows virtually no effect of pressure on the ignition delay time for the temperature range of the shock-tube experiments and the three pressure groups (1.2, 10.8, and 23.7 atm). Comparing the experimental results with the mechanism predictions for the two lean equivalence ratios, the model predicts some pressure dependence, albeit a slight one. Comparing this newer predictive trend with the original mechanism in Fig. 2a , the improved mechanism better captures the weak pressure dependence that the data show.
B. Pressure Dependence
As noted above, the experimental data display an increase in pressure dependence with increasing equivalence ratio. At stoichiometric and rich ( = 2) conditions, Figs. 9 and 10, there is significant pressure dependence, particularly at  = 2.0. Figure 9 presents the stoichiometric mixture results for 1.1 and 10.2 atm, and Fig. 10 presents the ignition delay times for the three pressure groupings 1.1, 10.1, and 21.7 atm. As expected from the ignition behavior of other hydrocarbons, the higher pressures lead to shorter ignition delay times. In this regard, the model
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Deleted: show captures this effect of pressure at = 1 and 2. Better agreement between the data and the model is seen in Figs. 9 and 10 than for the fuel-lean mixtures. More details on the subtlety of the temperature, pressure, and equivalence ratio trends of the chemical kinetics are provided in Kopp et al. [33] .
C. Comparison with Archival Data
Figures 11-13 show comparisons that have been made to the recent experimental work of Penyazkov et al. [32] which covered a range of conditions very similar to the work herein, including pressures between 5.9 and 16.5 atm and equivalence ratios of = 0.5, 1.0, and 2.0. Comparisons are made to both the present data and the predictions of the kinetics model. Figure 11 presents the lean data, while Figs. 12 and 13 show the stoichiometric and rich mixtures, respectively. There is good agreement between the data of the present study and those of Penyazkov et al.,
particularly with regard to the slope of the ignition delay time trend with inverse temperature and in the magnitude.
The only discrepancy lies in Fig. 11 at temperatures below about 1200 K, where the data of Penyazkov et al. predict a slightly longer ignition delay time compared to the data of the present study. For example, at 1140 K, the Penyazkov et al. ignition delay times are a factor of two larger than the present data. It should be noted again that there is no evidence of non-homogeneous ignition events that might cause the shock-tube data at lower temperatures and higher pressures to appear to have sooner-than-expected ignition times, nor is there a dramatic change in ignition delay time slope (i.e., apparent activation energy) at the lower temperatures. In addition, the model prediction appears to agree with the new data herein.
There also seems to be only a small effect of pressure between about 7 and 14 atm in the measured data from
Penyazkov et al., especially for the lean mixture (Fig. 11) . However, this behavior was not highlighted in their study. This trend is also seen in the present authors' data, as described above. In all cases, the model shows similar agreement with that of Penyazkov et al. as seen in the comparisons with the new data in Figs. 7-10. Some additional comparisons with archival data are provided in Kopp et al. [33] , namely the ability of the current model to predict ethylene ignition delay times at the leaner conditions of Kalitan et al. [4] , Hidaka et al. [11] , Brown and Thomas [30] , and Davidson and Hanson [28] .
V. Correlations
For each mixture, a correlation was developed that predicts ignition delay times as a function of temperature, pressure, and in the stoichiometric and fuel-rich cases, the amount of ethylene. Such correlations are historically Deleted: again used to provide estimates of ignition delay times over the range of validity of the given relation [8, 11, 12, [46] [47] [48] .
While a chemical kinetics mechanism can provide a much more comprehensive prediction of ignition delay time, correlations are still important for several reasons. For example, correlations of the data are an indication in most cases of the orderliness and quality of the data, assuming the correct correlating parameters are known. Even more important from a combustion chemistry standpoint is that ignition delay time correlations can provide a means to quantify the pressure and temperature dependence of the data and by default a particular fuel [4, 48] . In the present study, the correlations validate the unique pressure dependence observed amongst the mixtures tested herein.
Ignition delay time correlations can also be used as a simplified, one-step chemistry model in computational fluid mechanics simulations when detailed chemical models cannot be included in a numerically efficient manner [48] .
As typically seen in hydrocarbon fuel ignition behavior, the ignition delay time is exponentially dependent on inverse temperature and directly dependent on the mixture concentration to some power. The basic form of the correlation utilized herein is as follows: with faster ignition delay times tended to correlate better than data with longer ignition delay times. As seen in Table   3 , the ignition activation energy for  = 0.3 -1.0 is near 42 kcal/mol, but for the rich mixture ( = 2) it is 35.3 kcal/mol. Note that since x = 0 for  = 0.3 and 0.5, this result implies that there is no pressure dependence for these lean mixtures. However, for  = 1 and 2, the pressure exponents are -0.34 and -0.52, respectively. These correlation results agree with the trends with equivalence ratio and pressure mentioned above. Due to the nonlinear pressure and equivalence ratio dependencies seen in the data, a single correlation combining all four mixtures was not possible using the conventional form of the ignition correlation used in Table 3 .
VI. Summary
Ethylene combustion plays a key role in the oxidation of heavy hydrocarbons; however, little data exist at practical engine conditions. Therefore, several C 2 H 4 /O 2 /N 2 mixtures were tested behind reflected shock waves, covering temperatures of 1003 to 1401 K and pressures of 1.1 to 24.9 atm. The results from these experiments were compared to one of the only other high-pressure data sets available in the literature for ethylene, as well as to a chemical kinetic model that has been developed using high-pressure, lower-order hydrocarbon ignition delay times.
General agreement between the two data sets was good, both showing little pressure dependence for leaner mixtures and similar agreement with the model.
Agreement between the data herein and the original chemical kinetics mechanism was fair, with discrepancies in pressure dependence and ignition activation energy. The improved model is in better agreement in these respects.
Arguably, this is the first paper to identify the observed, rather unique behavior of ethylene over the conditions ; in retrospect, one would expect the oxidation chemistry of a smaller hydrocarbon such as C2H4 to be well known at this time, but the present paper shows that this is not necessarily the case. ¶ equivalence ratio trend is important, and detailed chemical kinetics models should also be able to mimic such behavior, making the present data set valuable for such comparisons. Table 2 . Experimental results including ignition delay time, temperature, pressure, and equivalence ratio. A portion of these experiments has been utilized later in the present paper. In 1974, Hidaka et al. [11] investigated shock-tube ignition in ethylene/oxygen mixtures diluted in argon at a range of equivalence ratios (0.33 ≤  ≤ 1.0), at temperatures in the range 1400 ≤ T(K) ≤ 2100, and at pressures in the range 1.8 ≤ p (atm) ≤ 5. An experimental correlation was made, and a chemistry mechanism was discussed.
In 1972, Baker and Skinner [8] performed experiments studying the ignition of ethylene-oxygen-argon mixtures at equivalence ratios of 0.125 to 2.0 and pressures of 3 and 12 atm. Argon dilution levels ranged from 93 to 99%, and temperatures ranged from 1058 to 1876 K.
Colket and Spadaccini [12] studied dilute ethylene mixtures behind reflected shock waves over a range of conditions including equivalence ratios from 0.5 to 1.0, at pressures from 5 to 8 atm, and temperatures from 1125 to 1410 K. In their work, experimental data were compared to previously published results, to correlating expressions found in the literature, and to detailed kinetics models.
The work of Dagaut et al. [13] presented an updated kinetic reaction mechanism with verification using experimental data from Baker and Skinner [8] in the form of ignition delay times from a shocktube facility. From their mechanism and the experimental data, they found that as temperature and equivalence ratio decreased, the activation energy increased. Another work by Hidaka et al. [9] atm, and at equivalence ratios of 0.5 -1.5, and other experimental data from the literature, they developed a kinetic model for the oxidation of ethylene. Written in 1965, the paper by Mullaney et al.
[25] studied the induction time of the mixture C 2 H 4 + 1.5O 2 + 4N 2 , among others, and also found that the rate-determining step in the oxidation of ethylene is H+O 2 O+OH, which is in agreement with the work of Homer and Kistiakowsky [7] . Schlieren images were also taken of the shock wave showing density gradients. More recently, t
